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Study Structure via
Nucleon Form Factors

V; Office of

— 4 Science

U.S. DEFARTMENT OF ENERGY

(e of Muclear py, 5
o ;

Cy

.,
o, o
"8 Nieddear s ¥
Matter - O

Argonne

NATIONAL
LABORATORY

Dyson Schwinger Equations — Achievements and Challenges 2146
- - - - Peking University, Beijing, China, 13-17 August, 2007 -P



Study Structure via
Nucleon Form Factors

® Electron’s relativistic electromagnetic current:

Ju(PLP) = icio(P)AL(Q P uc(P), Q=P — P
ie e (P Yu(—1) ue(P)

7557 Office of
-4 Science
U.S. DEFARTMENT OF ENERGY

e of Muclear py, i
e

Argonne

Dyson Schwinger Equations — Achievements and Challenges 2146
- - - - Peking University, Beijing, China, 13-17 August, 2007 -P



Study Structure via
Nucleon Form Factors

Electron’s relativistic electromagnetic current:

Ju(PLP) = icio(P)AL(Q P uc(P), Q=P — P
ietic(P") v, (—1) ue(P)

Nucleon’s relativistic electromagnetic current:

i}

- , Hard scatterin
IR, e g

e of Muclear py, 5
Cy

Argonne | e

Dyson SchwingHEquations — Achievements and Challenges 2146
- - - - Peking University, Beijing, China, 13-17 August, 2007 -P



Study Structure via
Nucleon Form Factors
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Study Structure via
Nucleon Form Factors

® Electron’s relativistic electromagnetic current:
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Proton Form Factors, Reprise
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Proton Form Factors, Reprise

® SLAC and JLab have Measured Ratio of
Proton’s Electric and Magnetic Form Factors
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Proton Form Factors, Reprise
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Proton Form Factors, Reprise
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Modern Miracles
In Hadron Physics
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Modern Miracles
In Hadron Physics

® proton = three constituent quarks
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Modern Miracles
In Hadron Physics

® proton = three constituent quarks

9o Mproton ~ 1GeV
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Modern Miracles
In Hadron Physics

® proton = three constituent quarks

9o Mproton ~ 1GeV

1 GeV
$ guess Mconstituent—quark ~ T ~ 350 MeV
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Modern Miracles
In Hadron Physics

proton = three constituent quarks

9o Mproton ~ 1GeV

1 GeV
$ guess Mconstituent—quark ~ T ~ 350 MeV

® pion =
constituent quark 4+ constituent antiquark
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Modern Miracles
In Hadron Physics

proton = three constituent quarks

9o Mproton ~ 1GeV

1 GeV
$ guess Mconstituent—quark ~ T ~ 350 MeV

® pion =
constituent quark 4+ constituent antiquark
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Modern Miracles
In Hadron Physics

proton = three constituent quarks

9o Mproton ~ 1GeV

1 GeV
$ guess Mconstituent—quark ~ T ~ 350 MeV
® pion =
constituent quark 4+ constituent antiquark
Office of M
TS ® guess Mpjon ~ 2 X —E2°R ~ 700 MeV
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Modern Miracles
In Hadron Physics

proton = three constituent quarks

9o Mproton ~ 1GeV

1 GeV
$ qguess Mconstituent—quark ~ T ~ 350 MeV
® pion =
constituent quark 4+ constituent antiquark
Office of M
st 8 guess Mpjon = 2 X — 22 ~ 700 MeV
® WRONG .....cooviveiiiin, M pion = 140 MeV
®» Another meson
........... M, ="770MeV ........... No Surprises Here
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Modern Miracles
In Hadron Physics

proton = three constituent quarks

9o Mproton ~ 1GeV

1 GeV
$ guess Mconstituent—quark ~ T ~ 350 MeV
® pion =
constituent quark 4+ constituent antiquark
Office of M
TS ® guess Mpjon ~ 2 X —E2°R ~ 700 MeV
® WRONG .....cooviveiiiin, M ion = 140 MeV

® What is “wrong” with the pion?
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Dichotomy of the Pion
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Dichotomy of the Pion

""" ¢ How does one make an almost massless particle
........... from two massive constituent-quarks?
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Dichotomy of the Pion

~ """ o How does one make an almost massless particle
........... from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning a potential

Must exhibit| m?2 o m,
Current Algebra ... 1968
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Dichotomy of the Pion

" ¢ How does one make an almost massless particle
........... from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning a potential

Must exhibit| m?2 o m,
Current Algebra ... 1968

The correct understanding of pion observables;
esomeo  €.0. Mass, decay constant and form factors,
“ewoerequires an approach to contain a well-defined and

valid chiral limit, and an accurate realisation of
dynamical chiral symmetry breaking.
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Current Algebra ... 1968

The correct understanding of pion observables;
vsomesr  €.0. MAsS, decay constant and form factors,
e lequires an approach to contain a well-defined and

valid chiral limit, and an accurate realisation of
dynamical chiral symmetry breaking.

#® Requires detailed understanding of Connection
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Dichotomy of the Pion

~ " » How does one make an almost massless particle
........... from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning a potential

Must exhibit| m?2 o m,
Current Algebra ... 1968

The correct understanding of pion observables;
vsomesr  €.0. MAsS, decay constant and form factors,
e lequires an approach to contain a well-defined and

valid chiral limit, and an accurate realisation of
dynamical chiral symmetry breaking.

#® Requires detailed understanding of Connection

between Current-quark and Constituent-quark
Arggme masses Using DSEs,
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QCD’s Emergent Phenomena

® Complex behaviour arises from apparently simple rules
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QCD’s Emergent Phenomena

® Complex behaviour arises from apparently simple rules

® Quark and Gluon Confinement

» No matter how hard one strikes the proton, one cannot
liberate an individual quark or gluon
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» No matter how hard one strikes the proton, one cannot
liberate an individual quark or gluon
® Dynamical Chiral Symmetry Breaking
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® Neither of these phenomena is apparent in QCD’s
Lagrangian yet they are the dominant determining
characteristics of real-world QCD.
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QCD’s Emergent Phenomena

® Complex behaviour arises from apparently simple rules

® Quark and Gluon Confinement

» No matter how hard one strikes the proton, one cannot
liberate an individual quark or gluon

® Dynamical Chiral Symmetry Breaking

Z“f — » Very unnatural pattern of bound state masses

Scrence

® Neither of these phenomena is apparent in QCD’s
Lagrangian yet they are the dominant determining
characteristics of real-world QCD.

®» NSAC - Understanding these phenomena is one of the
Argonne greatest intellectual challenges in physics
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What's the Problem?

® Must calculate the hadron’s wave function
— Can’t be done using perturbation theory
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® Must calculate the hadron’s wave function
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# So what? Same is true of hydrogen atom
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What's the Problem?

Must calculate the hadron’s wave function
— Can’t be done using perturbation theory

# So what? Same is true of hydrogen atom
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What's the Problem?

® Must calculate the hadron’s wave function
— Can’t be done using perturbation theory

# So what? Same is true of hydrogen atom

® Differences

o Here relativistic effects are crucial
— virtual particles
Quintessence of Relativistic Quantum Field Theory
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What's the Problem?

® Must calculate the hadron’s wave function
— Can’t be done using perturbation theory

# So what? Same is true of hydrogen atom

® Differences

o Here relativistic effects are crucial
— virtual particles
Quintessence of Relativistic Quantum Field Theory
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» Interaction between quarks — the Interquark Potential —
Unknown
throughout > 98% of the pion’s/proton’s volume
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What's the Problem?

® Must calculate the hadron’s wave function
— Can’t be done using perturbation theory

# So what? Same is true of hydrogen atom

® Differences

o Here relativistic effects are crucial
— virtual particles
Quintessence of Relativistic Quantum Field Theory

g Office of
4 Scren:e

» Interaction between quarks — the Interquark Potential —

Unknown
throughout > 98% of the pion’s/proton’s volume

® Determination of hadrons’s wave function requires
ab initio nonperturbative solution
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What's the Problem?

Must calculate the hadron’s wave function
— Can’t be done using perturbation theory

# So what? Same is true of hydrogen atom
Determination of hadron’s wave function requires

ab initio nonperturbative solution
of fully-fledged relativistic quantum field theory

755, omce of ® Modern Physics & Mathematics
— Still quite some way from being able to do that
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Dyson-Schwinger Equations
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
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» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
s Qualitative and Quantitative Importance of:
5, 9ffice of - Dynamical Chiral Symmetry Breaking
— Generation of fermion mass from nothing

- Quark & Gluon Confinement
— Coloured objects not detected, not detectable?
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
s Qualitative and Quantitative Importance of:
&5, 9ffice of - Dynamical Chiral Symmetry Breaking
— Generation of fermion mass from nothing
- Quark & Gluon Confinement
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons
s Qualitative and Quantitative Importance of:
&5, 9ffice of - Dynamical Chiral Symmetry Breaking
— Generation of fermion mass from nothing
- Quark & Gluon Confinement
— Coloured objects not detected, not detectable?

ice of Nuclear PR 5
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® Method yields Schwinger Functions = Propagators
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Dyson-Schwinger Equations

® Well suited to Relativistic Quantum Field Theory

® Simplest level: Generating Tool for Perturbation Theory
.................... Materially Reduces Model Dependence

» NonPerturbative, Continuum approach to QCD

» Hadrons as Composites of Quarks and Gluons

s Qualitative and Quantitative Importance of:
&5, 9ffice of - Dynamical Chiral Symmetry Breaking
R — Generation of fermion mass from nothing
" | . Quark & Gluon Confinement

— Coloured objects not detected, not detectable?
Cross-Sections built from Schwinger Functions
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Persistent Challenge
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Persistent Challenge

® Infinitely Many Coupled Equations
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Persistent Challenge

® Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)
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Persistent Challenge

® Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)

# Not all are Schwinger functions are experimentally
observable but all are same VEVs measured in
Lattice-QCD simulations ... opportunity for

comparisons at pre-experimental level . ..
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Persistent Challenge

Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)

Coupling between equations truncation

#» Weak coupling expansion —- Perturbation Theory
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Persistent Challenge

® Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)

® Coupling between equations truncation

» Weak coupling expansion —- Perturbation Theory
Not useful for the nonperturbative problems
176>, Ufice of In which we’re interested
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Persistent Challenge

Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)

There is at least one systematic nonperturbative,
symmetry-preserving truncation scheme

H.J. Munczek Phys. Rev. D 52 (1995) 4736

Dynamical chiral symmetry breaking, Goldstone’s
theorem and the consistency of the Schwinger-Dyson
and Bethe-Salpeter Equations

A. Bender, C.D. Roberts and L. von Smekal, Phys.
Lett. B 380 (1996) 7

Goldstone Theorem and Diquark Confinement Beyond
Rainbow Ladder Approximation
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Persistent Challenge

Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)

There is at least one systematic nonperturbative,

symmetry-preserving truncation scheme

Has Enabled Proof of EXACT Results in QCD
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Persistent Challenge

Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)

There is at least one systematic nonperturbative,

symmetry-preserving truncation scheme

Has Enabled Proof of EXACT Results in QCD

And Formulation of Practical Phenomenological Tool to
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Persistent Challenge

Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)

There is at least one systematic nonperturbative,

symmetry-preserving truncation scheme

Has Enabled Proof of EXACT Results in QCD

And Formulation of Practical Phenomenological Tool to
» Make Predictions with Readily Quantifiable Errors
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IR Enhancement of M(p2)

Dressed-Quark Propagator
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Dressed-Quark Propagator

-0 =

S

Gap Equation
# Gap Equation’s Kernel Enhanced on IR domaln

IR Enhancement of M (p?) MR R S
. . o [ ]
g Euclidean Constituent-Quark '° ¢ooooosoosogsy—
Lo Scionce . AfE- 2 0o > ' '
: Mass: My p= = M (p*) 8
N: | ——— b-quark
\% i c—quark
wor | wa | o | o | b T i
ME T 102 | N N [ O chiral limit
M= |~ 102 |~ 10 |~ 15 |~ 1 N chira i
10 ° ]
107 10" 10 10 10°
ATBORNE p’ (GeV?)

Dyson Schwinger Equations — Achievements and Challenges 12146
- - - - Peking University, Beijing, China, 13-17 August, 2007 -P



[l ending 15

Dressed-Quark
po fou unimparbank . gohal
bl ot I i B i Propagator

WILL EMP the theer drama
HATPLT of his difficul) [
: and fanely

Sthwation ,

® Longstanding Prediction of
Dyson-Schwinger Equation
Studies

PP——=S" Office of
5,4 Science
. DEFARTMENT OF ENERGY

U3,

Argonne

NATIONAL

LABORATORY

Dyson Schwinger Equations — Achievements and Challenges 13/46
- - - - Peking University, Beijing, China, 13-17 August, 2007 -P


http://www.slac.stanford.edu/spires/find/hep/www?key=2979683

e l:n..llhj v
Bt You u"l""lFllI"i'IHI'_; whal
THiNK KEN'S Pralbérs mesh if
LonsTIFRTIe W the sheer dArgmg
WL R of his difficul)
HAEFLT * it !'-:net,

sihwakion ,

.é: Office of
‘é_gl Scren:e

e ENI "h st

Argonne

Dressed-Quark
Propagator

® Longstanding Prediction of
Dyson-Schwinger Equation
Studies
s E.g., Dyson-Schwinger
equations and their
application to hadronic
physics,
C. D. Roberts and
A. G. Williams,
Prog. Part. Nucl. Phys.
33 (1994) 477
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QCD & Interaction Between
Light-Quarks

® Kernel of Gap Equation: D,,,(p —q) ', (q)
Dressed-gluon propagator and dressed-quark-gluon vertex

® Reliable DSE studies of Dressed-gluon propagator:

# R. Alkofer and L. von Smekal, The infrared behavior of QCD
Green’s functions ... , Phys. Rept. 353, 281 (2001).
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QCD & Interaction Between
Light-Quarks

Kernel of Gap Equation: D,,,(p —q) L', (q)
Dressed-gluon propagator and dressed-quark-gluon vertex

® Reliable DSE studies of Dressed-gluon propagator:

# R. Alkofer and L. von Smekal, The infrared behavior of QCD
Green’s functions ... , Phys. Rept. 353, 281 (2001).

® Dressed-gluon propagator — lattice-QCD simulations confirm that

behaviour:
gé"sfﬁﬁ:’; o D.B. Leinweber, J.1. Skullerud, A. G. Williams and C.

S Parrinello [UKQCD Collaboration], Asymptotic scaling and
— infrared behavior of the gluon propagator, Phys. Rev. D 60,
094507 (1999) [Erratum-ibid. D 61, 079901 (2000)].

® Exploratory DSE and lattice-QCD studies
of dressed-quark-gluon vertex
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Critical Mass for
Chiral Expansion

Dynamical chiral symmetry breaking and a critical mass
Lel Chang, Yu-Xin Liu, Mandar S. Bhagwat, Craig D. Roberts
and Stewart V. Wright ... nucl-th/0605058
Phys. Rev. C 75 (2007) 015201 (8 pages)
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Critical Mass for
Chiral Expansion

® Realistic models of QCD’s gap equation simultaneously
admit two inequivalent DCSB solutions & solution connected
with realisation of chiral symmetry in Wigner mode.
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Critical Mass for
Chiral Expansion

® Realistic models of QCD’s gap equation simultaneously
admit two inequivalent DCSB solutions & solution connected
with realisation of chiral symmetry in Wigner mode.

® Wigner solution and one DCSB solution are destabilised by

current-quark mass G(M)
& both disappear 0.1
when that mass
(D exceeds a critical
e of Muclear st
6 The zeros of G{M) characterise the different solutions of the gap equation.
Solid eurve: obtained with m™ = 0. in which ease G(M) is odd under
Archsze M — —M; long-dashed curve: m" = 0.01; short-dashed curve: mP™® =
LaGORATORY mE™ = (0.033; dotted curve: m*™ = 0.05.
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Critical Mass for
Chiral Expansion

® Realistic models of QCD’s gap equation simultaneously
admit two inequivalent DCSB solutions & solution connected
with realisation of chiral symmetry in Wigner mode.

® m, also bounds domain on which surviving DCSB solution
1/n
1)

lan|
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Critical Mass for
Chiral Expansion

® Realistic models of QCD’s gap equation simultaneously
admit two inequivalent DCSB solutions & solution connected
with realisation of chiral symmetry in Wigner mode.

® m, also bounds domain on which surviving DCSB solution

. . 1/n

possesses a chiral expansion: me, = lim,,_, oo (Iainl)

® m, IS therefore an upper bound on the domain within which
a perturbative expansion in the current-quark mass around

the chiral limit is uniformly valid for physical quantities.



Critical Mass for
Chiral Expansion

Realistic models of QCD’s gap equation simultaneously
admit two inequivalent DCSB solutions & solution connected
with realisation of chiral symmetry in Wigner mode.

® m, also bounds domain on which surviving DCSB solution
. . . 1/n

possesses a chiral expansion: me, = lim,,_, o (Iainl)

® me, IS therefore an upper bound on the domain within which

a perturbative expansion in the current-quark mass around
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the chiral limit is uniformly valid for physical quantities.

® [or a pseudoscalar meson constituted of equal mass

current-quarks, it corresponds to a mass mg" ~ 0.45 GeV.
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Critical Mass for
Chiral Expansion

Realistic models of QCD’s gap equation simultaneously
admit two inequivalent DCSB solutions & solution connected
with realisation of chiral symmetry in Wigner mode.

® m, also bounds domain on which surviving DCSB solution

. . , 1/n

possesses a chiral expansion: me, = lim,,_, o (Iainl)

® me, IS therefore an upper bound on the domain within which
a perturbative expansion in the current-quark mass around

the chiral limit is uniformly valid for physical quantities.
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® [or a pseudoscalar meson constituted of equal mass

current-quarks, it corresponds to a mass mg" ~ 0.45 GeV.

® Entails lattice-QCD simulations must have many results at
Argonne m, < mg_ ~ 0.45 GeV for reliable extrapolation via EFT.
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Critical Mass for
Chiral Expansion

® Realistic models of QCD’s gap equation simultaneously
admit two inequivalent DCSB solutions & solution connected
with realisation of chiral symmetry in Wigner mode.

® The two DCSB solutions of the gap equation enable a valid
definition of (gq) in the presence of a nonzero current-mass.
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Critical Mass for
Chiral Expansion

® Realistic models of QCD’s gap equation simultaneously
admit two inequivalent DCSB solutions & solution connected
with realisation of chiral symmetry in Wigner mode.

® The two DCSB solutions of the gap equation enable a valid
definition of (gq) in the presence of a nonzero current-mass.
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Consituent-quark o-term

® [mpact of Dynamical chiral symmetry breaking ... exhibited

via constituent-quark o-term

OMY¥
of:=ms(C) amf&) , (MP)2 i=s]s = M(s)*.
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Consituent-quark o-term

® [mpact of Dynamical chiral symmetry breaking ... exhibited

via constituent-quark o-term

OMY¥
of:=ms(C) amf&) , (MP)2 i=s]s = M(s)*.

® Renormalisation-group-invariant and determined from
solutions of the gap equation

| Office of
.g,,;d Science
U.S. DEPARTMENT OF ENERGY

(e of Muclear py, 5
(o)

Argonne

Dyson Schwinger Equations — Achievements and Challenges 18/46
- - - - Peking University, Beijing, China, 13-17 August, 2007 -P



Consituent-quark o-term

® [mpact of Dynamical chiral symmetry breaking ... exhibited

via constituent-quark o-term

OMY¥
of:=ms(C) amf&) , (MP)2 i=s]s = M(s)*.

® Unambiguous probe of impact of explicit chiral symmetry
755, ottice o breaking on the mass function
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Consituent-quark o-term
exhibited

® |mpact of Dynamical chiral symmetry breaking ...
via constituent-quark o-term

OMY¥
of:=ms(C) amf&) , (MP)2 i=s]s = M(s)*.

o Ratio| 7 _ EXPLICIT
| M]ZE ~ EXPLICIT + DYNAMICAL

-
U.S. DF

measures effect of EXPLICIT chiral symmetry breaking on
dressed-quark mass-function

cf. SUM of effects of EXPLICIT AND DYNAMICAL CHIRAL
SYMMETRY BREAKING
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Consituent-quark o-term

® [mpact of Dynamical chiral symmetry breaking ... exhibited

via constituent-quark o-term

OMY¥
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Hadrons
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Hadrons

Without bound states,
Comparison with experiment Is
Impossible

They appear as pole contributions
to n > 3-point colour-singlet
Schwinger functions
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Without bound states,
Comparison with experiment Is
Impossible

Bethe-Salpeter Equation

L=
I I
763" Office of o —  ____
.g,gj Science - K
U.S. DEPARTMENT OF ENERGY
0“\\(3 of Muclear py, i
i
5 "8 Nidar ul-Quat"-"ms\ﬁ&

QFT Generalisation of Lippmann-Schwinger Equation.

|

A

Argonne

Dyson Schwinger Equations — Achievements and Challenges 10/46
- - - - Peking University, Beijing, China, 13-17 August, 2007 -P



Hadrons

Without bound states,
Comparison with experiment Is
Impossible

Bethe-Salpeter Equation

L=
I I
767" Office of _—— —  ____
.g,;j Science - K
US. DEPARTMENT OF ENERGY
0“\\(3 of Muclear py, i
i
b &
h‘(’.N‘fdrarMmul - ouatt w?

QFT Generalisation of Lippmann-Schwinger Equation.

|

A

What is the kernel, K?

Argonne

Dyson Schwinger Equations — Achievements and Challenges 10/46
- - - - Peking University, Beijing, China, 13-17 August, 2007 -P



Hadrons

Without bound states,
Comparison with experiment Is
Impossible

Bethe-Salpeter Equation

L=
I I
767" Office of _—— —  ____
.g,;j Science - K
US. DEPARTMENT OF ENERGY
0“\\(3 of Muclear py, i
i
b &
h‘(’.N‘fdrarMmul - ouatt w?

QFT Generalisation of Lippmann-Schwinger Equation.

|

A

What is the kernel, K?

Dyson Schwinger Equations — Achievements and Challenges 10/46
- - - - Peking University, Beijing, China, 13-17 August, 2007 -P

Argonne



What Is the Long-Range Potential?
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What is the Long-Range Potential?
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In a televised address to the nation, Bush called for “a little peace and quiet.”
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# Axial-vector Ward-Takahashi identity
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# Axial-vector Ward-Takahashi identity
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Pu T4, (ki P) | = 87 (ky) 5 X507 + 5575
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Satisfies BSE Satisfies DS

Kernels must be intimately related
Relation must be preserved by truncation
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Bethe-Salpeter Kernel

# Axial-vector Ward-Takahashi identity
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Py Tgu(k; P) = §7H(ky) 50507 + 545075
5% et —Mc iUy (k; P) — il (k; P) Mg
Satisfies BSE Satisfies DS

Kernels must be intimately related
Relation must be preserved by truncation
= Explicit Violation of QCD’s Chiral Symmetry
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Pion and ...
Pseudoscalar Mesons?

an a bound-state of massive constituents truly be
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e Sum of constituents’ current-quark masses
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® Valid for ALL Pseudoscalar mesons
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® Valid for ALL Pseudoscalar mesons
® /;; = finite, nonzero value in chiral limit, Mgz — 0
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®» Dynamical Chiral Symmetry Breaking
— Goldstone’s Theorem —
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® When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.
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® When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

® CLEO: 7 — 7(1300) 4 v,
= fr, < 8.4MeV
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= fr, < 8.4MeV
Diehl & Hiller i
he-ph/0105194 o
® Lattice-QCD check:
163 x 32,
a ~ 0.1fm, 0
two-flavour, unquenched ¢
= Jm _ 0.078 (93)

T

® CLEO: 7 — 7w(1300) + v, |

4

2

0

Radial Excitations
& Lattice-QCD

® When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.
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® When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

® CLEO: 7 — 7(1300) + v, | ]
= fr, < 8.4MeV 08 L.
Diehl & Hiller i o ]
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® Lattice-QCD check: o, il
163 x 32
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= 0.078 (93 (fom,

® Full ALPHA formulation is required to see suppression, because
Argonne PCAC relation is at the heart of the conditions imposed for
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® When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.
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= = 0.078 (93 (rgm,)°

® The suppression of f,, is a useful benchmark that can be used to
Argonne tune and validate lattice QCD techniques that try to determine the
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Radial Excitations
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Radial Excitations

® Spectrum contains 3 pseudoscalars [I¢(JY)L = 17(07)5]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The @\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Pig]\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

X Sciance ® But w(1800) is narrow (I' = 207 &4 13) & decay pattern might
indicate some “flux tube angular momentum” content:

SQQ=1@LF=1:>J=O

&Lr =1= 35, @ 3S; (QQ) decays suppressed?
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Mg]\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

But 7v(1800) is narrow (I' = 207 £ 13) & decay pattern might
Indicate some “flux tube angular momentum” content:

Radial excitations & Hybrids & Exotics = Long-range radial wave
functions = sensitive to confinement



Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Pig]\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

X Sciance ® But 7 (1800) is narrow (I' = 207 & 13) & decay pattern might
indicate some “flux tube angular momentum” content:

®» Radial excitations & Hybrids & Exotics = Long-range radial wave
functions = sensitive to confinement

® NSAC Long-Range Plan, 2002: ... an understanding of
confinement “remains one of the
greatest intellectual challenges in physics”

inger Equations — Achievements and Challenges
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® Orbital angular momentum is not a Poincareé invariant.
However, if absent in a particular frame, it will appear in
another frame related via a Poincaré transformation.
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® Nonzero quark orbital angular momentum is thus a
necessary outcome of a Poincaré covariant description.
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® Pseudoscalar meson Bethe-Salpeter amplitude
Xr(k; P) = 75 i€, (k; P) +v - PFr, (k; P)
v-kk-PGr (k;P)+ou kP, Hx, (k; P))
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Pseudoscalar meson Bethe-Salpeter amplitude
Xr(k; P) = 75, (k; P) + v PFr, (k; P)
v-kk-PGr (k;P)+ou kP, Hx, (k; P))

® J=0... butwhile £ and F are purely L = 0 in the rest
frame, the G and 'H terms are associated with L = 1. Thus a
pseudoscalar meson Bethe-Salpeter wave function always
765, offics of contains both S- and P-wave components.
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® J=0... butwhile £ and F are purely L = 0 in the rest
frame, the G and H terms are associated with L = 1. Thus a

pseudoscalar meson Bethe-Salpeter wave function always

contains both S- and P-wave components.
Introduce mixing

angle 6. such that
X~ ~ cos 6. |L = 0)
Office of _l_ Sin 97T|L — 1>
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® J=0... butwhile £ and F are purely L = 0 in the rest
frame, the G and ‘H terms are associated with L = 1. Thus a
pseudoscalar meson Bethe-Salpeter wave function always

contains both S- and P-wave components.

Or': meson mass (GeV)

Introduce mixing
1.2 . 1.6 . 2 _ 2.4

angle 6., such that T i
X ~ cosOr|L=0) 6
L (7]
° _ (o))
Z' Office of + Sin 97"|L T 1> S
-4 Science QL
U.S. DEPARTMENT OF ENERGY ,U? B 12 N— _
3 20f 1 @
8 B .
E 4
CID':fi B 8
10}
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® J=0... butwhile £ and F are purely L = 0 in the rest

frame, the G and ‘H terms are associated with L = 1. Thus a
pseudoscalar meson Bethe-Salpeter wave function always

contains both S- and P-wave components.
|ﬂtl’0dUCe m|X|ng 0:' meson mass (GeV)

1.2 1.6 2 2.4
T I T T T I T T T I T T T I

angle 6., such that :

Xr ~ cosO.|L =0)
+sin0.|L=1) |

L is significant in

the neighbourhood

of the chiral limit,

and decreases with

Increasing

Argonne  current-quark mass. T B T
O::o dﬂ;%%mﬁﬂ@gq(ﬁﬁh@— Achievements and Challenges b, 27/46
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Charge Neutral
Pseudoscalar Mesons

Flavour symmetry breaking and meson masses
Mandar S. Bhagwat, Lei Chang, Yu-Xin Liu, Craig D. Roberts
and Peter C. Tandy ... nucl-th/arXiv:0708.1118
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Charge Neutral

Pseudoscalar Mesons

® |sospin (SU(2)-flavour) breaking is determined by the
current-mass difference m, — mg, while SU (3)-flavour
breaking can be measured via mg — (m, + mgq)/2.
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Charge Neutral

Pseudoscalar Mesons

Isospin (SU(2)-flavour) breaking is determined by the
current-mass difference m, — mg, while SU (3)-flavour
breaking can be measured via mg — (m, + mgq)/2.

Determine effect of these differences in current-quark mass
throughout the hadron spectrum, which leads one to
consider the difference in mass between charged and
neutral hadrons.
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Charge Neutral

Pseudoscalar Mesons

Isospin (SU(2)-flavour) breaking is determined by the
current-mass difference m, — mg, while SU (3)-flavour
breaking can be measured via mgs; — (m, + mgq)/2.

Determine effect of these differences in current-quark mass
throughout the hadron spectrum, which leads one to
consider the difference in mass between charged and
neutral hadrons.

LS @ Part of that splitting is electromagnetic, but constraining the

strong component is necessary before one can know just
how large that electromagnetic contribution might be.
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Charge Neutral

Pseudoscalar Mesons

Isospin (SU(2)-flavour) breaking is determined by the
current-mass difference m, — mg, while SU (3)-flavour
breaking can be measured via mgs; — (m, + mgq)/2.

Determine effect of these differences in current-quark mass
throughout the hadron spectrum, which leads one to
consider the difference in mass between charged and
neutral hadrons.

| 27 Office of . .
scene 9 In considering neutral pseudoscalars, the U(N)

axial-vector Ward-Takahashi identity becomes relevant.

» It necessarily includes a contribution from the
non-Abelian anomaly.

» A discussion of n—n’ splitting is therefore unavoidable.
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Charge Neutral
Pseudoscalar Mesons

PTE, (ki P) = S ' (ky)ivsF* + i FrS (k)
—2iMYTe(k; P) — A%(k; P)
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Charge Neutral
Pseudoscalar Mesons

PTE, (ki P) = S ' (ky)ivsF* + i FrS (k)
—2iMYTe(k; P) — A%(k; P)

® {F*la=0,...,N; — 1} are the generators of U(Ny)
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